Background--Reservoir-wave approach is an alternative model of arterial hemodynamics based on the assumption that measured arterial pressure is composed of volume-related (reservoir pressure) and wave-related components (excess pressure). However, the clinical utility of reservoir-wave approach remains debatable.
S
ubjects with chronic kidney disease are at high risk of cardiovascular disease. Aortic stiffness and increased wave reflection-parameters based on the wave propagation model-have been proposed to contribute to the excess cardiovascular risk in this population. 1, 2 However, in an elderly dialysis cohort, aortic stiffness and augmentation index (AIx) were not significantly associated with increased risk of death upon adjustment for age and comorbidities. 3, 4 Given that the wave propagation model does not consider the reservoir function of the arterial tree, a reservoir-wave approach has been proposed to circumvent this limitation. [5] [6] [7] [8] [9] This approach hypothesizes that the measured arterial pressure is the sum of a reservoir pressure wave (RP), which accounts for the dynamic storage and release of blood by the compliant arteries (the Windkessel effect), and an excess pressure wave (XSP), which is responsible for local changes in the pulse waveform. It is proposed that aortic reservoir pressure is the minimum left ventricular work required to generate blood flow into the aorta, whereas the excess pressure provides information about the surplus of work performed by left ventricle. [8] [9] [10] The added value of reservoir-wave approach has been demonstrated in patients with hypertension, in high risk patients, in patients with heart failure and in a hemodialysis population without established cardiovascular disease. [11] [12] [13] [14] [15] [16] Recently, Peng and colleagues, 17 through invasive determination of pressure waves, have shown that whereas reservoir pressure remains relatively similar along the aortic-radial axis, the excess pressure tends (on average) to be amplified from the aorta to the radial artery, and that XSP amplification is associated with systolic blood pressure (SBP) amplification. Given the substantial individual variation in aortic-to-radial SBP amplification, there may be significant differences in the excess pressure at central compared with peripheral arterial sites, thus potential differences in the prognostic utility of central compared with peripheral XSP. 18 Accordingly, we hypothesized that centrally derived reservoir-wave parameters would be more strongly associated with clinical outcomes. Therefore, our aims were to examine whether carotid derived reservoir-wave parameters (surrogate for central artery) and radial artery reservoir-wave parameters were independently associated with all-cause and cardiovascular mortality in a cohort of unselected dialysis patients.
Methods Study Design and Patient Population
The data that support the findings of this study are available from the corresponding author upon reasonable request. This was a single center observational longitudinal study conducted in adult patients with end stage renal disease treated by dialysis (hemodialysis and peritoneal dialysis) at L'Hôtel-Dieu de Qu ebec Hospital, CHU de Qu ebec Research Center. From August 2006 to June 2014, 328 patients underwent at least one extensive evaluation for medical history, laboratory data, pharmacological treatment and hemodynamic parameters of arterial stiffness. This cohort of patients was composed of adult patients on chronic dialysis (>3 months), with single-pool KT/V >1.4 in hemodialysis patients and a weekly KT/V of >1.7 in patients on peritoneal dialysis, stable dry weight and blood pressure medication. Patients were excluded if they had an acute episode of illness (infection, recent cardiovascular events) or any clinical conditions that would hamper hemodynamic measurements (absence of femoral pulse, systolic blood pressure of <90 mm Hg). For the analysis, we further excluded patients with unavailable or unreliable measurements of either radial or carotid pulse waveforms or aortic stiffness (n=68), leaving 260 subjects in the study (Figure 1 ). Patients were censored at the time of renal transplantation, renal recovery, or at the last follow-up (October 2016). Coronary artery disease was defined as myocardial infarction, coronary artery revascularization or ischemic heart disease as shown by either a treadmill, echocardiography, or thallium stress tests. History of atherosclerotic cardiovascular disease was defined by a history of non-hemorrhagic stroke, coronary artery disease, lower extremity amputation or revascularization. Hypertension was defined as brachial blood pressure ≥140/90 mm Hg or antihypertensive drug usage. Patients were considered to have cardiovascular mortality when a cardiovascular event such as myocardial infarction, ischemic heart disease, heart failure, sudden death, arrhythmia, peripheral vascular disease, ischemic bowel disease, or stroke led to death as described previously. 19 Date of death was ascertained by consultation of the Attestation of Death certificate which was available for all deceased patients. All hospital files were reviewed by 2 reviewers (M.A. and K.M.) to determine whether cardiovascular disease was the cause of death. No patient was lost to followup. This protocol had been approved by the Comit e d' ethique de la recherche du CHU de Qu ebec and was conducted in accordance with the Declaration of Helsinki. All procedures followed were in accordance with institutional guidelines and each patient provided informed written consent.
Objectives
The primary objective of the study was to examine the impact of central excess pressure on all-cause mortality. The secondary outcome was to examine the impact of central excess pressure on cardiovascular death. The exploratory aims included the impact of other parameters derived from reservoir-wave analysis both at carotid and radial sites. We also explored the impact of traditional brachial and central blood pressure parameters, and the parameters related to wave separation analysis and their association with all-cause and cardiovascular mortality.
Hemodynamic Assessments
All measurements were performed in the same visit after 15 minutes of rest in a supine position. In hemodialysis patients, all assessments were performed before their mid-
Clinical Perspective
What Is New?
• This study shows that central excess pressure integral is of prognostic value in patients with end-stage kidney disease, but this was not the case for radial excess pressure integral.
• Among traditional mechanical biomarkers, central excess pressure integral of carotid was the only biomarker that was independently and consistently associated with increased risk of both all-cause and cardiovascular mortality.
What Are the Clinical Implications?
• The reservoir-wave approach applied to large central vessels has a clinical relevance in terms of risk assessment and its clinical utility needs to be further assessed.
week dialysis session. Brachial artery blood pressure (BP) was recorded 6 times, with a 2-minute interval using an automatic oscillometric sphygmomanometer BPM-100 (BP-Tru, Coquitlam, Canada) by an experienced operator who was present in the room. In case of an arteriovenous fistula, measurements were performed on the contralateral arm. Immediately after BP measurements, radial and carotid pulse wave profiles were sequentially recorded in the same order by aplanation tonometry (SphygmoCor system, AtCor Medical Pty. Ltd., Sydney, Australia). Three consecutive recordings were performed for each site. Central pressure parameters were obtained by radial artery tonometry through generalized transfer function from which central systolic pressure (SP), diastolic pressure (DP), pulse pressure (PP), and augmentation index adjusted for heart rate of 75 bpm (AIx@75) were derived after calibration for brachial systolic and diastolic BPs. Carotid pressure wave form was obtained by tonometry after calibration for brachial diastolic and mean arterial pressure, which was obtained by integration of the arterial pressure waveform. 20 Immediately after pulse wave recordings, we determined carotid-femoral pulse wave velocity (cf-PWV) in triplicate by Complior SP (Artech Medical, Pantin, France), using the maximal upstroke algorithm and direct measurements as previously described. 19, 21 Reservoir-wave parameters were obtained using the pressure wave approach as previously described. 12, 22 Reservoir pressure (RP), its integral (RPI), excess pressure (XSP) and its integral (XSPI), diastolic rate constant (DC) and systolic rate constant (SC) were acquired from radial and carotid pressure waveforms obtained without application of a generalized transfer function. Accordingly, SC is the rate of system filling which is inversely proportional to the product of characteristic impedance (Z 0 ) and compliance (C), whereas DC is the rate of system emptying, which is inversely proportional to the product of peripheral vascular resistance (R) and compliance (C). RP was derived based on pressure alone approach and XSP was defined as the difference between total measured pressure and RP. A reservoir pressure analysis was CV, cardiovascular; DC, diastolic constant rate; NaN, not a number; P ∞ , asymptote of the exponential decay of the pressure during diastole; RP, peak reservoir pressure; SC, systolic rate constant; XSPI, area under curve of excess pressure.
considered valid with RP>0, XSPI>0, a numerical SC and DC, DC>0 and P ∞ >0. RP proportion and XSP proportion were, respectively, the ratio of RP integrals or XSPI to total pressure integral9100. The XSP:RP is the ratio of XSP proportion to RP proportion. Figure 2 summarizes the key parameters of reservoir-wave approach of the carotid and radial artery.
Wave separation analysis was conducted to derive central pressure forward (Pf), pressure backward (Pb) and reflection magnitude (RM). This was performed on the central pressure waveform after application of a generalized transfer function on the radial artery pressure waveform and on untransformed carotid pressure waveforms as previously described.
23,24

Statistical Analysis
Data are expressed as meanAESD, n (%) or median [25th-75th percentiles]. Cox proportional hazard regression was used to assess the association of parameters derived from the carotid and radial sites with all-cause and cardiovascular mortality. We determined the hazard ratio associated with a change of 1 standardized deviation for each hemodynamic parameter. The proportionality assumption was assessed by fitting an interaction term between each hemodynamic parameter and follow-up time. Transformations were used in cases where the proportionality assumption was not met. We subsequently adjusted these models for potential confounding factors which included age, sex, atherosclerotic cardiovascular disease, diabetes mellitus, smoking, history of hypertension, dialysis type, heart rate, and cf-PWV. A 2-tailed P<0.05 was considered statistically significant. As part of sensitivity analysis, we further assessed a possible non-linear relationship between each hemodynamic parameter and clinical outcome. As such each parameter was modeled using restricted cubic splines with 3 knots (10th, 50th, and 90th percentiles). The non-linear term of each restricted cubic spline was then tested against the null hypothesis using a ChiSquared test to assess whether the parameter was nonlinearly associated with mortality. A conservative P-value cut point of 0.2 was used for linearity testing, in which case tertiles of the parameters were examined; none showed a clear U-or J-shaped relationship with clinical outcomes. 25 We also tested whether potential non-linearities in the associations between confounders and mortality could influence the obtained results. Furthermore, we tested the appropriateness of the large sample approximation by comparing principal results to the one obtained using Firth penalization. 26 Finally,
we compared the P-values obtained in the main analysis to the ones corrected for multiple comparisons using the Benjamini-Hochberg procedure. A 2-tailed P<0.05 was considered statistically significant. Statistical analyses were performed in SAS version 9 and R Software 3.5.1 (The R Project for Statistical Computing) with the rms package was used for linearity testing.
Results Figure 1 shows the study flowchart. To directly compare the association of carotid reservoir-wave parameters versus radial and central pressure parameters, we restricted the analysis to the 260 patients for whom the reservoir-wave parameters were available for both vascular sites. Table 1 shows baseline characteristics, central pressure parameters obtained with generalized transfer function applied to radial waveforms and aortic stiffness. Reservoir-wave approach derived parameters for both carotid and radial waveforms are presented in Table 2 . Despite similar RP parameters between carotid and radial waveforms, carotid XSP parameters were lower and the carotid SC was 2-fold higher compared with respective parameters obtained from the radial artery. Figure 3 summarizes the association of main hemodynamic and reservoir-wave parameters for univariate and adjusted all-cause ( Figure 3A ) and cardiovascular mortality ( Figure 3B ). In univariate analysis, carotid XSP and XSPI were significantly associated with both all-cause and cardiovascular mortality. However, after adjustments for heart rate, age, sex, comorbidities, type of dialysis, dialysis vintage, Figure 3 . Univariate and multivariable adjusted hazard ratio of carotid and radial reservoir-wave approach (RWA) parameters, and central pressure (generalized transfer function) for all-cause and cardiovascular mortality. The unadjusted and adjusted Hazard ratios for changes in 1 standard deviation with 95% CI (error bars) for allcause (A) and cardiovascular mortality (B) are reported. The adjusted models include age, sex, diabetes mellitus, cardiovascular disease, history of hypertension, smoking status, type of dialysis, dialysis vintage, heart rate, and cf-PWV. Variables of interest include excess pressure (XSP), excess pressure integral (XSPI), systolic rate constant (SC), diastolic rate constant (DC) reservoir pressure (RP), reservoir pressure integral of carotid (car-) and radial arteries (rad-), central systolic pressure (cSP), diastolic pressure (cDP), pulse pressure (cPP) and augmentation index for a heart rate of 75 beats per minute (AIx@75). Since augmentation index is already reported for a heart rate of 75 beats per minute, AIx@75* designates that the adjusted model for this parameter does not include heart rate. car-SC, car-RP, rad-XSP, rad-XSPI, rad-RPI were log-transformed before inclusion into the model. rad-SC and rad-RP were elevated to the third power before inclusion into the model. (Figure 4) show higher all-cause mortality ( Figure 4A ) and cardiovascular mortality ( Figure 4B ) with higher values of XSPI (P<0.01 for both). As part of sensitivity analysis, we tested the robustness of our findings by including brachial systolic pressure into the multivariable adjusted model, which did not alter the associations of carotid XSPI with allcause and cardiovascular mortality (Table S1 ). Replacing systolic pressure by either diastolic pressure or mean arterial pressure in these multivariable models did not alter the results (Table S1 ). Further sensitivity analysis was performed by excluding cf-PWV from the adjusted model (Table S2) or by including all patients with valid carotid reservoir wave analysis (Table S3) , and neither approach altered the interpretation of the findings. We also conducted additional sensitivity analysis by applying the Firth correction (Table S4) or adding non-linear terms and interactions for confounders in the fully adjusted model (Table S5 ) which showed similar results. Finally, as a precautionary measure, we adjusted the P values for multiple comparisons given the 6 parameters derived from the carotid reservoir wave approach (Table S6) , which showed similar association between XSPI and allcause mortality, but the association between XSPI and cardiovascular mortality was no longer statistically significant (P=0.11).
Among other parameters of reservoir-wave, the carotid SC, which was not associated with clinical outcomes in the univariate analysis, was statistically significant in the adjusted model showing that higher SC was associated with lower all-cause and cardiovascular mortality. To understand why carotid SC becomes significant in the adjusted model, we used Spearman rank correlation to further explore the relationship between carotid SC and each parameter that was used in the adjusted model. Among these parameters, carotid SC was associated with heart rate (r=0.226, P<0.001), cf-PWV (r=0.198, P=0.001), age (r=0.179, P=0.004) and female sex (r=0.167, P=0.007), but not with other parameters. The higher carotid DC was significantly associated with both all-cause and cardiovascular mortality in univariate analysis, but this association was no longer statistically significant after adjustments for heart rate, age, sex, comorbidities, type of dialysis, dialysis vintage, and cf-PWV.
Radial Reservoir-Wave Approach Parameters, All-Cause and Cardiovascular Mortality
The association of radial artery derived parameters with allcause and cardiovascular mortality is reported in Figure 3 . Contrary to carotid XSPI, the radial XSPI was only associated with higher all-cause mortality in univariate analysis and was not associated with all-cause or cardiovascular mortality in adjusted models. 
Central, Carotid, and Brachial Pressures, All-Cause and Cardiovascular Mortality
The impact of central BP (derived from generalized transfer function applied to radial artery) and carotid BP parameters on all-cause and cardiovascular mortality are shown in Figure 3 and Table 3 , respectively. Among central parameters of interest, AIx@75 was associated with increased all-cause mortality (P=0.004) and cardiovascular mortality (P=0.024) in univariate analysis. In the adjusted model, AIx@75 was not associated with either all-cause or cardiovascular mortality. Carotid AIx@75 was not associated with clinical outcomes in unadjusted and adjusted models. Overall, lower diastolic BP and higher PP were associated with clinical outcomes, but not the systolic BP. Similar results were obtained for brachial BP.
Wave Separation, All-Cause and Cardiovascular Mortality
The Pf, Pb, and RM derived from the carotid artery were not associated with increased risk of all-cause and cardiovascular mortality. Radial artery derived central wave separation shows that higher Pb and RM are both associated with increased risk of all-cause and cardiovascular mortality in univariate analysis. However, after adjustment, these associations were no longer statistically significant (Table 4) .
Aortic Stiffness
In this cohort, the unadjusted hazard ratio per 1SD of cf-PWV was 1.031 (95% CI: 1.002-1.060, P=0.031) and 1.040 (95% CI: 1.000-1.080, P=0.043) for all-cause and cardiovascular mortality, respectively. However, after adjusting for comorbidities (heart rate, age, sex, cardiovascular disease, diabetes mellitus, smoking status, hypertension, type of dialysis, log of dialysis vintage), cf-PWV was not associated with increased risk for allcause and cardiovascular mortality (hazard ratio: 1.003 (95% CI: 0.969-1.037, P=0.868) and hazard ratio: 1.002 (95% CI: 0.957-1.048, P=0.924) per 1 SD, respectively).
Discussion
In patients with end-stage kidney disease, this study shows that central excess pressure, as derived from the reservoir wave approach at the carotid artery (large central elastic Evaluation study (a sub-study of the Anglo-Scandinavian Cardiac Outcomes Trial) showed that excess pressure integral of the radial artery, without the application of a generalized transfer function, predicted cardiovascular events independently of other risk factors. However, in our study, the radial XSPI was not associated with clinical outcomes. Hametner et al 14 showed that only the amplitude of reservoir pressure remained a significant predictor of cardiovascular events in high-risk patients after adjustment for conventional risk factors, including brachial systolic pressure. However, they did not show that the reservoir-wave approach provided additional prognostic value compared with traditional wave separation analysis. In contrast, using a cohort of heart failure patients, Wang et al 15 showed that carotid XSPI was an independent predictor of all-cause mortality.
In the context of kidney disease, Huang and colleagues, 16 recently showed carotid XSPI was associated with increased risk of all-cause and cardiovascular mortality in hemodialysis patients without cardiovascular disease at baseline. Compared with their study population, our North American population is older by 16 years (aged 54 versus 70 years), had established cardiovascular disease (55%), had a higher prevalence of diabetes mellitus (16% versus 44%) and included patients on peritoneal dialysis (20%). These differences in comorbidities likely explain the differences in the duration of follow-up (15.3 years versus 2.7 years) for a similar rate of all-cause (46% versus 66%) and cardiovascular mortality (35% versus 34%). Nevertheless, carotid XSPI remained statistically significant, despite incorporation of these comorbidities into the adjusted model, and remained statistically significant using various sensitivity analyses. This observation strengthens the prognostic value of XSPI in end-stage kidney disease even in the presence of these comorbidities and presence of established cardiovascular disease. In our study, SC, which is inversely proportional to the product of characteristic impedance and compliance (1/ (Z 0 ÁC)), was not associated with clinical outcomes in univariate analysis. However, in the adjusted model, a higher SC was associated with better clinical outcomes. This is in agreement with a study by Narayan and colleagues, 11 who proposed that this is likely the consequence of a higher aortic stiffness as they lacked the measurement of aortic stiffness in their non-kidney population. In contrast, Cheng et al 13 reported that higher central SC was associated with increased risk of clinical events in multivariable adjusted model. They underlined this disagreement with the previous study and proposed that the worsening of reservoir function could result in faster filling of the arterial reservoir (ie, poorer accommodation ability of the vascular system to physiological stress). In our study, SC was protective in the multivariable-adjusted model, even when considering aortic stiffness as measured by cf-PWV. Nevertheless, cf-PWV may not entirely capture the mechanical property of the proximal aorta and may underestimate its stiffness. Moreover, the rate of vascular filling (SC) may also depend on myocardial contractility and ejection volume, which were not simultaneously assessed in our population. These apparent contradictions underline the complexity of interpreting SC in the reservoir-wave model. There is good physiological reason to expect different magnitudes of association between central and peripheral reservoir-wave approach parameters and clinical outcomes. Indeed, excess pressure is on average amplified along the aortic-radial axis, and this amplification is proportional to the SBP amplification that varies greatly in individual patients. 17, 18 Given that aortic excess pressure provides information about the surplus of work performed by left ventricle, it is reasonable to expect that central excess pressure could be of better prognostic value.
This study has several strengths as it provides a direct comparison of carotid and radial reservoir-wave parameters with robust findings supported by various sensitivity analyses. In addition, all cardiovascular deaths were confirmed by 2 reviewers using each patient's hospital records. There are also limitations that need to be mentioned. First, the radial pressure wave was calibrated to the brachial systolic and diastolic blood pressures. Second, 13% of the radial pressure waves were not amenable to reservoir-wave analysis in this population. In contrast, reservoir-wave analysis of carotid pressure waves was successful in >95% of the cohort. Third, despite a recent validation study in humans, 27 the reservoir parameters were derived using pressure-only approach by assuming that the excess pressure has the same shape as the flow wave. Fourth, since several parameters were tested simultaneously, it increases the risk of type I error, but care was taken to adjust for multiple comparisons. Finally, a small number of patients might have had significant carotid stenosis above the measurement site with potential alterations of blood pressure and flow, however, it is unlikely to affect the findings of the study as the prevalence is expected to be low. CV, Cardiovascular; SD, Standard deviation; HR, Hazard ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure. Adjusted models included: heart rate, age, sex, cardiovascular disease, diabetes mellitus, smoking status, hypertension, type of dialysis, log of dialysis vintage, and carotid-femoral pulse wave velocity. Corrected p-values are displayed after a Benjamini-Hochberg procedure with correction for 6 comparisons of carotid reservoir-wave parameters *car-SC was log-transformed before inclusion into the model.
